We report a nearly octave-spanning optical frequency comb generation with a coverage of ∼1000 nm in continuous-wave pumped aluminum nitride (AlN)-on-sapphire microring resonators. Thanks to optimized device design and fabrication process, high-quality-factor AlN microrings with high cavity finesse and low insertion loss are demonstrated. By tailoring the cavity dimension, a broadband anomalous dispersion is secured to facilitate the frequency comb generation. Blue-shifted dispersive wave emission as well as stimulated Raman scattering is observed, which helps extend the comb spectrum coverage. Our work suggests that AlN-onsapphire can be an appealing platform for integrated nonlinear optics.
Optical frequency combs have revolutionized frequency metrology and enabled optical clocks thanks to their broad bandwidth and equidistant spectral lines with well-defined frequencies [1] . To generate such a unique light source, mode-locked ultrafast lasers with stabilized absolute frequencies have been employed, albeit with a restricted mode spacing of 10 GHz and requiring external spectral broadening for self-referencing [2] . For a myriad of applications, frequency combs with sufficiently high repetition rate (> 10 GHz) are preferred, which allows access to individual comb modes, and can greatly simplify spectroscopy, coherent telecommunications, astrophysical spectrograph calibration, and radio frequency photonics [3] .
Recently, frequency comb generation in continuous-wave (c.w.) pumped microresonators via four-wave mixing (FWM) (i.e., Kerr frequency comb) has proved as a promising candidate, featuring compact size, large comb spacing (> 100 GHz), broad bandwidth, and potential for monolithic integration [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Since its first demonstration in silica microtoroid [4] , this novel realm has attracted significant attention, and a growing number of material platforms have been tested for efficient Kerr comb generation [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . So far, planar integrated schemes featuring high robustness and insensitivity to the environmental variation have been demonstrated with Hydex glass [8] , silicon nitride (Si 3 N 4 ) [9, 10] , aluminum nitride (AlN) [11] , diamond [12] , silicon [13] , and aluminum gallium arsenide (AlGaAs) [14] . Nevertheless, for on-chip frequency metrology [15] , optical clocks [16] , coherent telecommunications [17] , and spectroscopy [18] , high-performance combs with self-referenceable coverage are of particular interest, which has only been demonstrated in silica [7] , Si 3 N 4 [9, 10] , and silicon [13] .
AlN features a wide direct bandgap (∼6.2 eV at 300 K) as well as significant second-(2 nd ) and third-order (3 rd ) susceptibilities [19] , making it transparent above 200 nm and thereby appealing for integrated nonlinear optics with negligible multi-photon absorption loss. Compared with sputtered AlN on silicon, wurtzite AlN epitaxially grown on sapphire exhibits superior crystalline quality, and is less susceptible to scattering and absorption loss at grain boundaries [20] . Meanwhile, excellent thermal property and physical robustness allow AlN-based devices with high-power handling capacities. Furthermore, AlN-on-sapphire platform (n sapphire = ∼1.75 at 1.55 µm) naturally forms a waveguide structure for guiding lights.
In this letter, we present the first demonstration of AlN-on-sapphire as a novel platform for efficient Kerr comb generation. The recorded parametric threshold is as low as ∼25 mW, corresponding to an extracted Kerr nonlinear coefficient n 2 = (3.5 ± 0.8)× 10 −19 m 2 W −1 . By taking advantage of dispersive-wave emission or Raman-assisted frequency comb generation, selfreferenceable comb spectra with a coverage of ∼1000 nm are demonstrated. The rich nonlinear dynamics in AlN-on-sapphire as well as the mature epitaxial growth technique makes it promising for integrated nonlinear optics. Figure 1 (a) illustrates the top view of the device structure adopted in our work and the principle for Kerr comb generation. A high-power c.w. light is fed into the microring resonator, which gives rise to degenerate and non-degenerate FWM, transferring the pump into equidistant spectral lines overlapped with the cavity modes [21] . In such a 3 rd nonlinear parametric process, momentum conservation is intrinsically satisfied, as the involved optical modes are the eigenstate of the microring. On the other hand, phase matching between the involved modes is required for energy conservation, which is normally fulfilled by employing an anomalous linear dispersion to compensate the nonlinear phase shift [12] . Since the bulk material typically exhibits a normal dispersion, it is essential to adjust the waveguide dimension so as to tailor the total cavity dispersion. Figure 1 (b) illustrates the group velocity dispersion (GVD) profile of the microring with finite element method (FEM) [22] . Here, the contributions from the material, waveguide cross section, bending radius and sidewall angle induced by dry etching are all taken into consideration. It is found that for the microring with a cross section of 3.5 × 1.2 µm 2 and an an outer radius of 60 µm, an octave-spanning anomalous GVD is achievable for both fundamental transverse-magnetic (TM 00 ) and transverseelectric (TE 00 ) modes, thereby permitting broadband Kerr comb formation. Furthermore, mid-infrared (MIR) frequency combs in the wavelength range of 2 − 3 µm are expected, thanks to the broadband anomalous dispersion range. Since the microring is multi-mode resulting from the adopted dimension by dispersion engineering, the width of the access waveguide is optimized to be 1.35 µm to ensure single-mode operation and phase matching with the fundamental modes in the microring. This facilitates the injection of c.w. pump light into the microring and extraction of frequency combs from the resonator via evanescent field coupling. To enhance the FWM efficiency and reduce the parametric threshold, a high quality factor (Q) microring is favorable [23] and can be realized with the device fabrication.
In the experiment, single-crystalline AlN film with a thickness of 1.2 µm is prepared on c-plane (0001) sapphire substrate by metal organic chemical vapor deposition (MOCVD) [24] , with the measured refractive index of ∼2.1 at 1.55 µm. After depositing SiN x mask on the wafer, the microring and associated waveguide are then defined by electron beam lithography (EBL) with ZEP520 resist, followed by the pattern transfer with reactive ion etching (RIE) and optimized Cl 2 /BCl 3 /Ar-based inductively coupled plasma (ICP) etching [25] . Finally, the device is embedded in a 3-µm-thick silica by plasma enhanced chemical vapor deposition (PECVD), and no additional annealing treatment is performed.
Figure 1(c) shows the cross section of the cleaved chip end facets. Here, the access waveguide is laterally tapered to a width of 4 µm for a better mode overlap with our lensed fibers of 3.5 µm mode field diameter, thereby improving the fiber-to-chip coupling efficiency. As a consequence of the thick film adopted for anomalous dispersion and the relatively low etching rate of AlN [26] , a partially etched (pedestal) waveguide is fabricated with 418-nm-thick unetched AlN layer at the ridge bottom, which helps relax the required etching selectivity for exact EBL pattern transfer. Meanwhile, the enhanced waveguide-to-microring coupling allows a coupling gap as wide as 800 nm for the fabricated AlN microring, thus greatly alleviating the fabrication tolerance [25] . It is noted that TE mode experiences a slightly higher radiation loss for the pedestal microring with 60 µm radius, thus TM mode is employed for Kerr comb generation.
The transmission spectrum measurement shows that the fiber-to-chip insertion loss of our device is as low as ∼3 dB/facet, and two sets of TM mode families are excited in the microring with a free spectral range (FSR) of 369 GHz for TM 00 mode. According to Fig. 2(a) , in which a high-resolution resonance linewidth measurement is deplicted, the recorded full width at half maximum (FWHM) for TM 00 mode is ∼176 MHz, indicating a loaded Q factor (Q L ) of 1.1 million and and a cavity finesse of ∼2096. Since the microring is under-coupled, the intrinsic and coupling Q factors (Q int and Q C ) are extracted accordingly. Figure 2 (b) depicts the calculated wavelength dependence of Q C for our device [25] , suggesting a good agreement with the experimentally extracted value in Fig. 2(a) . Meanwhile, an evident reduction in coupling at short wavelengths is observed, which results from the straight waveguide coupling scheme, and can lead to a deteriorated Kerr comb extraction efficiency at short wavelengths. self-stabilized by thermal locking [27] , which triggers the onset of hyperparametric oscillation with the first (1 st ) oscillating sideband 9 FSR away from the pump. Such formation of multiple-FSR spaced comb is determined by the dispersion and cavity linewidth of the microring [28] . By plotting the 1 st sideband power as a function of the pump [see Fig. 2(d) ], a distinct parametric oscillation threshold of ∼25 mW is identified. Upon further enhancing the pump power, the 1 st sideband power tends to saturate, as a consequence of the pump transfer to newly-generated sidebands with cascaded FWM.
Based on the recorded threshold power (P th ), the Kerr nonlinear coefficient n 2 of AlN-on-sapphire film can be determined by [12] :
where λ 0 is the pump wavelength, n 0 is the refractive index of AlN, V eff is the effective mode volume calculated with FEM. To ensure the validity of our estimation, the thresholds of different devices with gap size of 0.7 and 0.75 µm are also recorded. Taking into account the measured Q factors, the n 2 of epitaxial AlN at telecom wavelength is deduced to be ∼(3.5 ± 0.8) × 10 −19 m 2 W −1 , which is in accordance with the reported value for sputtered AlN [11] . By further enhancing the pump to a higher power level, secondary comb lines occur around the primary sidebands through higher-order degenerate and non-degenerate FWM processes [28] . At a pump power of 1 W, which is limited by the available power of our erbium doped fiber amplifier (EDFA), a nearly octaveCspanning frequency comb from ∼1075 to 2075 nm with single FSR spacing is obtained, as illustrated in Fig. 3 . The output spectrum is recorded by two OSAs with the spectral range covering 0.6 − 1.75 µm and 1.2 − 2.4 µm, respectively. It is inferred that the generated AlN comb should be sufficient for frequency stabilization via 2f-3f self-referencing [10] . The 3 dB bandwidth of Kerr frequency comb (∆ f 3dB ) can be theoretically estimated as [29] :
where γ = 2πn 2 /(λA eff ) is the nonlinear parameter (A eff being the effective mode area of the microring), F is the cavity finesse, and β 2 is the 2 nd GVD. For our AlN microring, the above parameters are calculated as follows: γ = 676 W −1 km −1 , F = 2096, β 2 = −98.7 ps 2 km −1 . Thus, ∆ f 3dB is deduced to be ∼17 THz, which is in good agreement with the extracted one (∼13 THz) from the recorded comb spectrum in Fig. 3 .
Furthermore, blue-shifted dispersive-wave emission around 1130 nm is observed due to the presence of normal 3 rd dispersion [10] , which extends the comb spectrum into normal dispersion regime [see Fig. 1(b) ]. Actually, the coverage of comb spectrum within the microring can be even wider, when taking into account the reduced waveguide-to-microring coupling at the short FIG. 3 . Nearly octave-spanning Kerr comb from ∼1075 to 2075 nm is demonstrated with ∼1 W pump power. Blue-shifted dispersive-wave emission is observed near 1130 nm, as a result of the normal third-order GVD. Insert shows a zoom in comb spectrum with a spacing of ∼369 GHz.
wavelength [see Fig. 2(b) ] and the non-optimized fiber-to-chip coupling away from the telecom wavelength. By filtering a portion of the comb spectrum for radio frequency (RF) measurement, a broad RF beat note is observed at the low-frequency side, implying a typical high-noise state of the Kerr comb [28] . For practical applications, the formation of temporal dissipative Kerr soliton with high coherence is preferred, which is accessible by utilizing the pump kicking technique [10] , and will be our following work.
Additionally, we also observe broadband Kerr comb generation in AlN-on-sapphire microring with the presence strong Raman lines. In this case, the device adopts a radius of 80 µm and a gap size of 700 nm. Meanwhile, TE 00 mode is employed with a low insertion low of ∼3 dB and a FSR of 286 GHz. The measured resonance linewidth of TE 00 mode is ∼211 MHz, corresponding to a Q L of 0.9 million [see Fig. 4 By further enhancing the pump power to ∼158 mW, satellite sidebands are observed around the pump, Stokes and anti-Stokes lines with a spacing of 10 FSR, due to a Raman-assisted FWM process [31] . When the pump is boosted to ∼1 W, a broadband frequency comb spectrum spanning from 1.2 to 2.2 µm is recorded with a single FSR spacing [see Fig. 4(c) ]. However, in contrast to the result in Fig. 3 , strong Raman lines are observed here, which leads to an asymmetrical spectrum and extends the coverage into the longer wavelength side. The measured Raman frequency shift is ∼19.8 THz, in accordance with that in Fig.  4(b) . Meanwhile, a strong peak is observed around 1311 nm, which helps extend the comb spectrum into short wavelength side. Interestingly, we observe that the frequency shift between a strong sideband of the comb spectrum (indicated by green label) and the center of the peak is equal to the Raman shift (∼19.8 THz). This coincidence suggests that the peak might be due to coherent anti-Stokes Raman scattering (CARS), which deplets the sideband and corresponding Stokes lines while amplifies anti-Stokes line [32] . Nevertheless, further investigation is still required for a definite conclusion.
In summary, high-Q AlN-on-sapphire microring resonators have been demonstrated for efficient Kerr frequency comb generation. Nearly octave-spanning comb spectrum is recorded with the coverage of ∼1000 nm, as a consequence of the tailored cavity dispersion as well as the occurrence of blue-shifted dispersive wave emission or Raman-assisted FWM. Our results confirm that AlN-on-sapphire has immense potential for integrated nonlinear optics. Additionally, thanks to the noncentrosymmetric structure of AlN, broadband visible comb is accessible by converting the near-infrared comb into visible regime via second-harmonic and sum-frequency generation [19] . 
